The reference electrode is a key component in electrochemical measurements, yet it remains a challenge to implement a reliable reference electrode in miniaturized electrochemical sensors. Here we explore experimentally and theoretically an alternative approach based on redox cycling which eliminates the reference electrode altogether. We show that shifts in the solution potential caused by the lack of reference can be understood quantitatively, and determine the requirements for accurate measurements in miniaturized systems in the absence of a reference electrode.
Introduction
Motivated by the wide applications of electrochemical sensors in the biomedical domain, there is continuously rising interest in miniaturised assays suitable for integration. Electrochemical sensors are particularly well suited for cost effective realization and integration with uidics due to their inherent compatibility with microfabrication.
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Irrespective of the particular measurement method employed (amperometry, potentiometry, impedance spectroscopy, etc.), the reference electrode is a key component of electrochemical sensors. In miniaturized systems, however, the volume-to-surface area ratio of reference electrodes decreases, thereby reducing their lifetime and stability. [12] [13] [14] [15] [16] For example, due to downscaling, dissolution of the electrode material, leakage of the reference solution and contamination at the junction of salt bridges become difficult to avoid, rendering many sensors short-lived or unreliable. Realizing lab-on-a-chip devices without the use of conventional reference electrodes 12, [14] [15] [16] [17] could therefore signicantly improve the performance and usability of miniaturised electrochemical sensors.
One potential route for bypassing the reference electrode is offered by systems based on redox cycling, in which a current is generated by successively reducing and oxidizing an analyte at two independently biased electrodes. While the primary purpose of redox cycling is typically to increase the magnitude of the electrochemical current or to improve selectivity, [18] [19] [20] it also provides a pathway for electrochemically generated currents to ow through the analyte solution without the need for a reference or auxiliary electrode. In this work we explore the underlying principles of operation of redox cycling systems without a reference electrode. As a prototypical system we focus on uidic nanogap sensors, shown in Fig. 1a , consisting of two closely spaced parallel electrodes separated by a few tens of nanometers and forming the oor and roof of a uid-lled nanochannel. Electrochemically active molecules undergo successive redox cycling by diffusing back and forth between these electrodes, generating a current that is proportional to the analyte concentration. The cross-sectional diagram and top views of such a device are shown in Fig. 1b and c, respectively. An example application of a variant of this device in which operation without a reference electrode would be necessary is a sealable chamber allowing locally generated analyte molecules (e.g., by a catalytic reaction) to be collected and detected in a fLlevel volume (Fig. 1d) . Another example is the incorporation of a nanogap directly in (or, more practically, in a side channel of) a capillary ow detection system (Fig. 1e) . Other congurations where the same general principles apply include interdigitated arrays 19, [21] [22] [23] [24] and ring-disk electrodes.
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We emphasize that this work does not in any way diminish the relevance of previous efforts at realizing miniaturized reference electrodes, but instead provides an alternative, complementary approach.
Materials and methods
A nanogap sensor with two parallel planar electrodes, as shown in Fig. 1a -c, was used in our experiments. The method for the micro-fabrication of the devices was similar to that reported previously. 27 In brief, the device consisted of a sacricial chromium layer (thickness z ¼ 60 AE 5 nm) deposited between two platinum electrodes. In order to investigate the role of the reference electrode in redox cycling measurements, experiments were conducted with two complementary electrode congurations. In the rst conguration the Ag/AgCl electrode was held at a xed bias, thus serving as a suitable reference electrode, while the current owing through it was monitored using a transimpedance amplier (Femto, DDPCA-300). In the second scheme, there was no true reference electrode present. The standard Ag/AgCl reference electrode instead served as a non-invasive probe to the solution potential, E sol . A Keithley 617 electrometer was used for these potentiometric measurements. The chassis ground and common (COM) terminals of all the instruments were connected together throughout the measurements; we refer to this potential as the circuit reference potential (or ground for short).
Scan rates were kept sufficiently low such that steady-state mass transport conditions were achieved.
Experimental results
We rst concentrate on measurements conducted with an active reference electrode. Fig. 2a shows the cyclic voltammogram obtained at the bottom electrode when its potential, E b , was varied from 0 to 0.5 V while the potential of the top electrode, E t , was disconnected (black curve). A sigmoidal cyclic voltammogram was observed with a wave height (the difference between the plateau currents at E t ¼ 0 V and E t ¼ 0.5 V) of i lim ¼ 305 pA. The cyclic voltammogram simultaneously obtained at the reference electrode is also shown (green curve); this current has the same magnitude but an opposite sign to that measured at the bottom electrode, demonstrating that all current from the working electrode ows to the reference electrode and therefore that there are no signicant parasitic current leakage pathways in the system. The voltammogram (obtained at the bottom electrode) is shied downward by 52 pA compared to that View Article Online expected for the original solution of Fc(MeOH) 2 in the reduced form. This indicates that this solution became partly oxidized aer exposure to the reservoir, consistent with previous observations 28 and as veried explicitly by re-extracting the solution and analysing it ex situ (see ESI †). Fig. 2b shows that sweeping E t while keeping E b oating gave rise to an essentially identical cyclic voltammogram. While this may appear counterintuitive since the top electrode is located further from the access holes, and thus one might expect smaller currents, this effect can be understood by noting that the bottom electrode must necessarily adjust its potential to that of the top electrode because of the strong coupling introduced by redox cycling, as discussed previously. 28 Similarly, measurements where both E t and E b were swept simultaneously (data not shown) yielded once again the same voltammogram. In all the above voltammograms, the potential at which the obtained current crosses the zero-current axis -that is, the rest potential, V rp -was found to be 0.21 V. Fig. 2c shows a typical voltammogram obtained during redox cycling with a reference electrode and E b swept between 0 and 0.5 V while E t was kept biased at 0 V. An oxidising current at the bottom electrode giving i lim of 30 nA was observed. An equal and opposite current was observed at the top (reducing) electrode, as expected for redox cycling. The amplication factor for redox cycling can be dened as the ratio of i lim at the electrode during redox cycling to that of the current at the reference electrode ( Fig. 2a and c) , yielding an amplication factor of $98. It is however crucial to note that a nite current still ows through the reference electrode during redox cycling, as explicitly shown in Fig. 2d . This current originates from molecules from the bulk that diffused through the access holes into the channel, reacted at the bottom electrode and returned once again to the bulk reservoir. Correspondingly, the values of I ref observed in Fig. 2d are essentially equal to those obtained in the case of Fig. 2a . Fig. 2e shows that when E t was varied while E b was biased at 0 V, oxidising and reducing currents were now observed at the top and bottom electrodes, respectively, as expected since the role of the electrodes was reversed. In this case, however, the current through the reference electrode (Fig. 2f ) was roughly constant (apart from slight dri and hysteresis) with a value close to the E b ¼ 0 V values of 50 pA observed in Fig. 2a and c . This reects the fact that mass transport to the reference electrode is much more efficient from the bottom than from the top electrode due to the channel geometry: the bottom electrode is directly exposed to the access holes, whereas molecules leaving the top electrode interact with near-certainty with the bottom electrode on their way to the bulk. As a result, the potential of the top electrode hardly inuences I ref .
We now turn to measurements done in the second congu-ration, in which no active reference electrode was used and the potential of the solution was allowed to oat. Fig. 3a shows a cyclic voltammogram wherein E t was biased at 0 V while E b was cycled between À0.5 and 0.5 V with respect to the circuit reference potential. These curves are qualitatively different from those observed when the reference was connected (Fig. 2c) , with both electrodes exhibiting reducing and oxidizing currents depending on the polarity of E b . Thereaer, we introduced an Ag/AgCl electrode to monitor the potential of the oating bulk electrolyte with respect to the circuit reference potential, as shown in Fig. 3b . Fig. 3c shows the corresponding measured potential of the solution, E sol (orange curve) while cycling E b (black curve) and keeping E t equal to 0 V (red curve). E sol follows the applied potential quite closely. Similarly, Fig. 3d shows the complementary case where E t was cycled. In this case, sweeping the potential had a negligible effect on the bulk solution. These results illustrate qualitatively that the more effective mass transport from the bottom electrode to the bulk solution observed in Fig. 2 directly translates into a stronger inuence of the bottom electrode on the solution potential.
Analysis
Using the measured potential of the solution, E sol , and the known applied potentials, E t and E b (all referred to the external circuit potential), we can reconstruct the potential differences across the solid-liquid interfaces at both electrodes, E t,sol and E b,sol . These are the preferred variables for describing electrochemical processes since it is these potential differences that drive electrochemical reactions. In terms of the directly measurable quantities dened above, these potentials are simply given by
The potentials of Fig. 3c and d re-expressed in terms of E t,sol and E b,sol are shown in Fig. 4a and b, respectively. In Fig. 4a , it is View Article Online observed that although E b was swept over a broad range of potentials, E b,sol remained relatively constant near the V rp at 0.21 V. In contrast, E t,sol changed from 0.6 V to À0.27 V, thereby showing that the top electrode was effectively being swept during the measurement while the bottom electrode held a nearly constant potential with respect to the solution. Fig. 4b shows exactly the same behaviour except that the potential curves are reected through the E t/b ¼ 0 V axis. While this may appear to contrast with the large differences observed between Fig. 3c and d, this mirror symmetry must necessarily be present since, in the case where the solution potential is allowed to oat, only the potential difference, E t À E b , can be relevant in establishing the interfacial potentials. Both electrode congu-rations thus lead to the same situation wherein the bottom electrode remains at a nearly constant potential while the top electrode experiences an effective potential sweep that is applied as a potential difference between the two electrodes. In order to further test the validity of the values of E t/b,sol extracted above, we attempted to reconstitute the cyclic voltammograms of Fig. 3a using the potentials determined in Fig. 4a and b . The shape of redox-cycling voltammograms in nanogap devices has previously been shown to be well described by the Butler-Volmer formalism,
Here z is the height of the nanochannel, f ¼ F/RT, F is the Faraday constant, R is the gas constant, T is the absolute temperature and h t,b is the overpotential applied to the top and bottom electrodes, respectively. That is, h t/b ¼ E t/b,sol À E f , where E f is the formal potential of the reaction. E f was measured directly using the same solution with a platinum UME (BASi, MF 2005) and the same reference electrode as used during the other measurements and was found to be 0.26 V. i lim obtained during the redox cycling (30 nA, Fig. 2c and e) was directly substituted in eqn (2). The calculated value of i lim is marginally higher ($32 nA) and this difference can be attributed to the buckling of the electrodes due to stress (resulting from the passivation) that leads to an increase in the height of the channel. 29 The remaining unknown parameters, i.e., the transfer coefficient, a, and the heterogeneous rate constant, k 0 , were found to be 0.50 and 0.06 m s À1 , respectively, consistent with previous measurements.
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Substituting the measured interfacial potentials from Fig. 4a and b into eqn (2) yields the calculated cyclic voltammograms (green curves) shown in Fig. 4c and d , respectively. These are in excellent agreement with the measured currents at the bottom (black curve) and top (red curve) electrodes obtained when E b and E t were swept, respectively.
Discussion
We rst briey summarize the situation for the classical system consisting of cyclic voltammetry at a UME. Within the operating window of the solvent, the detailed shape of the voltammogram depends on the solution composition and generically includes both a target analyte signal as well as parasitic currents resulting from reactions involving dissolved oxygen, hydronium ions and/or contaminants. Under typical steady-state mass transport conditions the current varies monotonically with electrode potential and vanishes at the rest potential, V rp , as discussed before ( Fig. 2a and b) . A oating working electrode starting at an arbitrary potential will reduce or oxidize molecules in solution and accumulate charge until its potential dris to V rp , and this potential can be measured with a high-impedance voltmeter (Fig. 3) . This description was further extended by Xiong and White to the case of a cell comprising of two polarisable electrodes in the absence of a reference electrode.
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The same principle applies to the redox-cycling case: in the absence of a reference electrode, the solution potential is determined by the condition such that no net current can be injected into the solution at a steady state,
Here I t and I b are the currents at the top and bottom electrodes, respectively. That is, the solution potential will dri to the value at which eqn (3) is satised. In redox-cycling systems, the steady state current at each electrode can further be broken into two components: a redox-cycling current, I 
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As can be seen in Fig. 2 , the magnitude of I rc t/b is far larger than I 0 t/b and dominates the overall current levels during redox cycling. It is worth noting that the redox-cycling current obtained at the two electrodes is, by denition, equal and opposite (I 
That is, in the absence of a reference electrode, the potential of the electrolyte solution is fully determined by the excess current, I 0 t,b , even though it represents only a small fraction of the total currents owing through the electrodes. This situation is reminiscent of positive-feedback scanning electrochemistry (SECM) measurements on a oating substrate, [31] [32] [33] [34] [35] [36] but here it is the solution itself that adjusts its potential with respect to the electrodes.
Conclusions
Redox cycling measurements without a well-dened reference electrode are a priori difficult to interpret because it is not known how a potential difference applied between the two working electrodes is divided between them. We have argued that determining this potential is further complicated by the fact that it is fully determined by "excess" background currents rather than by the (usually much larger) redox cycling current. On the other hand, we have shown that the geometry of the redox cycling device can be exploited to alleviate this difficulty to a signicant extent. In situations where one of the redox cycling electrodes has a much more signicant exposure to the sample solution, this electrode can readily pin the solution potential to a nearly constant value, allowing the potential of the second electrode with respect to the solution to be controlled. While we have concentrated here on nanogap electrodes embedded in nanochannels, the same principles can be applied to other asymmetric redox cycling geometries such as recessed ring-disk electrodes or even interdigitated electrodes if one of the electrodes is recessed with respect to the other.
